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Between 2003 and 2007, a series of field studies were performed in a typical small coastal plain type
estuary (Eprapah Creek) located on the Southeast coast of Australia. The aim of these field studies was to
investigate the turbulence and turbulent mixing properties in the estuarine zone. During these studies,
high frequency turbulence and physio-chemistry data were collected continuously over a relatively long
duration (up to 50 h). This article provides a summary of the key outcomes of these studies, highlighting
the implications that these findings have on the modelling of small estuaries. The studies showed that
the response of the turbulence and water quality properties were distinct under spring and neap tidal
forcing and behaved differently in the middle and upper estuarine zones. The behaviour of turbulence
properties to spring tidal forcing differed from that observed in larger estuaries and seemed unique to
small estuarine systems. An investigation of several key turbulence parameters used in the modelling of
estuarine mixing showed that many assumptions used in larger estuaries must be applied with caution
or are simply untrue in small estuaries. For example the assumption that the mixing coefficient
parameters are constant over the tidal cycle in a small estuary is simply untrue. These distinctions
between the turbulence and mixing properties in small and large estuarine systems highlight the need
for the continued study of small estuaries, so this type of system can be properly understood.
 2008 Elsevier Ltd. All rights reserved.1. Introduction
The flow of water in natural systems such as estuaries is
a turbulent process with Reynolds numbers greater than 105.
Therefore the understanding of turbulence properties is important
for the investigation of mixing, dispersion and sediment transport
within an estuary. This study investigates the turbulence properties
in a typical small Australian estuary. Small coastal plain type
estuaries constitute approximately 60% of all estuaries in Australia
(Digby et al., 1999), although no thorough study of the turbulence
and mixing properties of this type of estuary have been conducted.
To date only a limited number of turbulence studies have been
undertaken in estuaries (e.g. Bowden and Howe, 1963; Shiono and
West, 1987; Kawanisi and Yokosi, 1994). One reason was the lack of
appropriate instrumentation to collect turbulent velocity
measurements with fine spatial and temporal resolutions. This is
especially true of turbulence studies in small estuaries, with the
majority of published turbulence studies being performed in rela-
tively large systems (e.g. Nikora et al., 2002). The majority of
previous studies of turbulence in estuaries were conducted for
relatively short periods (up to 6 h) (e.g. Bowden and Howe, 1963;M, Centre for Marine Envi-
n 28359, Germany.
than).
All rights reserved.West and Oduyemi, 1989) and/or by collecting data over long
periods in bursts of several minutes (e.g. Ralston and Stacey, 2005).
The aim of this study is to characterise the turbulence, mixing
and sediment transport properties in a typical small estuary.
A detailed series of field experiments were undertaken through the
continuous collection of high frequency turbulence (fscan 25 Hz)
and physio-chemistry data for relatively long periods (Tstudy up to
50 h). This approach allowed the estuarine turbulence and mixing
properties to be characterised for up to two complete tidal cycles,
and these properties impact on the modelling of small estuarine
systems investigated.
2. Study site, instrumentation and investigations
Eprapah Creek (Fig.1) is a typical small subtropical stream located
on the East coast of Australia, near the city of Brisbane. The creek is
approximately 12.6 km longwith an estuarine zone of approximately
3.8 km. In the estuary, the meanwater depth is typically 1–2 mmid-
stream and the mean width is approximately 20–40 m. The
meandering channel of this relatively small estuary is predominantly
bordered by trees, which minimise the effect of the wind and
weather on the water surface especially in the upper estuary. Along
the estuary the bed composition can change rapidly from fine silt
(d< 0.02 mm) to relatively large and rough rocks (0.2< d< 0.4 m)
then to gravel within 1–10 m. The mean depth and width of each
cross-section along the estuary are distinct and can vary substantially
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Fig. 1. Sketch of Eprapah Creek (153.30E, 27.567S) located near Brisbane Australia. Location of field sites and type of experiments conducted at each site are presented, along with
surveyed cross-sections from key sampling station in the lower (Site 1), middle (Site 2B) and upper (Site 3) estuarine zones. Note: AHD ¼ Australian Height Datum.
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grain size and bathymetry cause large variations in the local bottom
roughness and bed friction over relatively small spatial scales.
At Eprapah Creek there are mixed semi-diurnal tides, with
a tidal range of 1–2.5 m. The catchment area of Eprapah Creek is
approximately 39 km2. Eprapah Creek experiences similar hydro-
logical characteristics to those of a wet and dry tropical and
subtropical estuary as typified by Digby et al. (1999). There is
minimal natural freshwater inflow entering Eprapah Creek for most
of the year meaning that the estuary is dominated by the tidal
fluctuations, with field observations showing that Eprapah Creek is
dominated by the flood tides. The majority of the rainfall falls in
storms of a short duration (less than one day) during only two to
four months a year. During such intense storms the estuary is fully
flushed, with monthlymonitoring and field observations indicating
that it is only after such storms that the water quality in the upper
estuary greatly improves (Chanson, 2008). For the majority of the
year the estuary is dominated by the tidal fluctuations. Therefore
the residence time of the entire estuary is strongly dependent on
the occurrence of such intense storms and may have a period of
over a year in time of draught.Seven field investigations collecting simultaneous high
frequency turbulence and physio-chemistry data were conducted
at Eprapah Creek in the period 2003–2007 (Table 1). An additional
series of field studies (study E9) collected high frequency water
level and physio-chemistry data at several longitudinal sampling
locations throughout the estuarine zone. The turbulent velocity
measurements were performed with two acoustic Doppler velo-
cimeters: (1) a Sontek UWADV (10 MHz, serial 0510) with a three-
dimensional downward looking head; and (2) a Sontek microADV
(16 MHz, serial number A641F) with a two-dimensional sideward
looking head. Herein these ADVs are referred to as the 3D-ADV
(10 MHz) and 2D-microADV (16 MHz) respectively. The physio-
chemistry data were collected using a YSI6600 probe. The YSI6600
probe measured water depth, water temperature, conductivity,
turbidity, pH, dissolved oxygen and chlorophyll a levels.
The standard configuration for data collection used in all field
studies was to have the sampling volume of the 3D-ADV and
YSI6600 probes horizontally aligned, with the YSI6600 probe 0.3 m
towards the bank (e.g. Chanson, 2003). For the field studies E6 and
E7, additional turbulence and physio-chemistry probes were used
in conjunctionwith the standard configuration to collect additional
Table 1
Field investigations conducted at Eprapah Creek in which high frequency turbulence and physio-chemistry data were collected.
Field study Date Duration (h) Rainfall (mm) Tidal range (m) Turbulence sampling location
E1 4/04/03 12 10 (at 18:00 3/04/03) 1.65 Site 2B, 0.5 m below free surface, 14.2 m from left bank
E2 17/07/03 8 0 1.33 Site 2, 0.5 m below free surface, 8.0 m from left bank
E3 24/11/03 10 0 2.28 Site 2B, 0.5 m below free surface, 10.7 m from left bank
E4 2/09/04 12 0 1.81 Site 2B, 0.05 m above bed, 10.7 m from left bank
E5 Spring tides, mid estuary 8–9/03/05 25 0 2.37 Site 2B, 0.1 m above bed, 10.7 m from left bank
E6 Neap tides, mid estuary 16–18/05/05 48 0 1.36 Site 2B, 0.2 and 0.4 m above bed, 10.7 m from left bank
E7 Neap tides, upper estuary 5–7/06/06 50 0 1.38 Site 3, 0.2 and 0.4 m above bed, 4.2 m from right bank
E8 28/08/07 12 0 1.53 Student sampling at Sites 1, 2 and 3 (Data not used herein)
E9
Spring (E9A) 2–4/10/06 50 0 1.89 Sampling locations at Sites 1, 2B, 2C, 3, 3B and 4
Neap (E9B) 9–11/10/06 50 0 1.81
Note: Tidal range: maximum observed at Victoria Point; Rainfall: observed immediately before or during field study (time and date).
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2D-microADV were deployed with the sampling volumes vertically
aligned (e.g. Trevethan et al., 2006; Trevethan and Chanson, 2007).
Two series of measurements were performed as part of the field
study E9 in October 2006 collecting high frequency water level,
temperature and conductivity data at selected longitudinal loca-
tions along Eprapah Creek. The two series were conducted in near
spring (study E9A, 2–4/10/06) and near neap (study E9B, 11–13/10/
06) tidal conditions. In-situ mini-Troll (mini-Troll) probes were
placed at Sites 1, 2B, 2C, 3, 3B and 4 (Fig. 1), which measured water
level and temperature samples at 1 Hz for 50 h. These field inves-
tigations were undertaken to assist with a detailed characterisation
of the estuary. Fig. 2 shows the water level about the Australian
Height Datum (AHD) at the observation points along the Eprapah
Creek estuarine zone used for the study E9A. In Fig. 2, the tidal
variations about high water were similar in phase and amplitude
throughout the estuarine zone. This was possibly because the
length of the Eprapah estuarine zone is considerably less than the
wavelength of the semi-diurnal tides and the water level along the
length of Eprapah Creek changed in relative unison.
In Fig. 2 the water level at Site 3B was constant during the low
tides, which suggested that the water mass at Site 3B was isolated
from the rest of the estuary during these periods. For the last
section of some ebb tides (e.g. t¼ 48–51 h since midnight on 02/10/
2006, Fig. 2), the water levels observed at Site 3 differed from those
observed in the lower (Site 1) and middle (Sites 2B and 2C) estu-
arine zones. An explanation was that a natural weir immediately
downstream of the Sewage Treatment Plant (Fig. 1) acted as
a hydraulic control during extreme low tides. This separation of the
upper estuary from the middle and lower estuary conceivably
indicates different hydrodynamics, water quality, residence times
and residual circulation patterns in the upper estuarine zone. Field
observations have confirmed that the hydrodynamic, turbulence
and water quality properties in the upper estuary differed
substantially from those in the middle and lower estuarine zones
(e.g. Chanson, 2003; Trevethan, 2008). However further fieldFig. 2. Water levels along Eprapah Creek as functions of time under near spring tidal
conditions for field study E9A (2–4/10/06). Legend: data from Site1; data
from Site 2B; data from Site 3; data from Site 3B.investigations are required to fully understand any differences in
residence times and residual circulation between the sections of
the creek upstream and downstream of these natural weirs in
Eprapah Creek.
The field studies E5, E6 and E7 were all conducted over inves-
tigation periods larger than 25 h, and are the focus of this contri-
bution (Trevethan, 2008). Each of these field studies was planned to
investigate a different combination of tidal forcing (spring and neap
tides) and longitudinal sampling location (middle or upper estua-
rine zones), which are outlined in Table 1. The earlier studies E1, E2,
E3 and E4 (Tstudy< 12 h for each study) were trials to confirm the
suitability of the sampling sites and techniques used here, and the
data used to validate and confirm the observationsmade during the
studies E5, E6 and E7.
3. Turbulence analysis
A thorough post-processing procedure was applied to the ADV
data (Chanson et al., 2005, 2008). This post-processing must be
undertaken to ensure the quality of the data set. Corrupted data are
inherent to the ADV metrology, and are predominantly caused by
poor signal quality (low correlation and low signal to noise ratio)
and Doppler noise within the measured signal. Chanson et al.
(2005) found that in natural systems the ADV data could be cor-
rupted by large disturbances such as navigation or fauna activity
near the ADV. All turbulence data measured with an ADV as part of
this investigation underwent three stages of post-processing before
turbulence analysis was undertaken. In the first stage the ADV data
was read from the binary file and data points with low correlation
(<60%), low signal to noise ratio (<5 dB) or communication errors
were replaced. The second stage searched for large disturbances
(e.g. navigation near probe, adjustments of probe) that were
observed during a field study. Finally the phase-space thresholding
method (Goring and Nikora, 2002) was used to find small distur-
bances generated by ‘‘spike’’ events and Doppler noise. All data
points determined to be erroneous (corrupted) during each of the
post-processing stages were replaced using the mean of the
endpoints about the erroneous data.
Each post-processed data set contained the three instantaneous
velocity components Vx, Vy and Vz, where x is the streamwise
direction (positive downstream); y is the transverse direction
(positive towards left bank); and z is the vertical direction (positive
upwards). In natural estuaries the flow is unsteady and gradually
time-variable. The sample size for the calculation of the time-
averaged velocity (V) effectively acts as a low-pass filter threshold.
The cut-off frequency affects the calculation of the turbulent
velocity fluctuations v (v ¼ V  V) for a given data set, where V is
the instantaneous velocity. This cut-off frequency is critical and
must provide a sample size that yields statistically meaningful
results, and it must be larger than the turbulent velocity fluctua-
tions, yet smaller than the variation of the tides. For the present
M. Trevethan, H. Chanson / Estuarine, Coastal and Shelf Science 81 (2009) 191–200194study, all the turbulence properties were calculated over 200 s
(5000 data points at 25 Hz and 10,000 data points at 50 Hz) and
performed every 10 s along the entire data set. The selection of the
cut-off frequency was derived from a sensitivity analysis (Treve-
than, 2008). The turbulence properties of a sample were not
included in this study if more than 20% of the 5000 data points in
that sample were found to be corrupted during post-processing.
A basic turbulence analysis yielded the first four statistical
moments of each velocity component and the respective integral
and dissipation time scales, along with the instantaneous Reynolds
stress tensors (rvxvy, rvxvz, rvyvz), the first four statistical moments
of the tangential Reynolds stresses and several common dimen-
sionless parameters used in study of turbulent flows.
4. Fundamental observations
Fig. 3 shows the time-averaged streamwise velocity and water
depth as functions of time for the field studies E5, E6 and E7. Note
the different vertical scales of the individual figures. Mid estuary
(Site 2B), the field measurements of the studies E5 and E6 showed
that the streamwise velocity maxima of the flood and ebb tides
occurred about low water (Fig. 3). Kawanisi and Yokosi (1994)
observed similar flood and ebb velocity maxima about low tide in
an estuarine channel in Japan. Some influence from ‘‘long period
oscillations’’ was present during both spring (Fig. 3A) and neap
(Fig. 3B) tidal conditions. Fig. 3B shows that the effect of these long
period oscillations was significant during neap tidal conditions. In
the upper estuary (Site 3, study E7) under neap tidal conditions, the
velocity maxima also seemed to occur about low tides, but the low-30
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Fig. 3. Time-averaged streamwise velocity Vx and water depth as functions of time for field s
water depth; Vx collected by 3D-ADV; Vx collected by 2D-microADV. (A)
bank at Site 2B, Eprapah Creek for study E5 (8-9/03/05). (B) - Neap tide data collected mid es
Site 2B, Eprapah Creek for study E6(16-18/05/05). (C) - Neap tide data collected in upper est
Site 3, Eprapah Creek for study E7(5-7/06/06).frequency fluctuations dominated the tidal fluctuations making
confirmation difficult (Fig. 3C).
In bothmiddle and upper estuarine zones, the flood tide velocity
maxima were approximately 1.5 times larger than the ebb tide
maxima. This suggested that the entire estuarine zone of Eprapah
Creek was heavily influenced by the flood tide, which implied that
the net flux of discharged waters was towards the upper estuary,
rather than out to Moreton Bay. Additionally the increased influ-
ence of long period oscillations under neap tidal conditions would
further hinder the tidal flux of waters within Eprapah Creek.
The field data showed that the turbulence flow properties were
highly fluctuating in a small estuary. All turbulence properties
exhibited large and rapid fluctuations over the investigation period
of each field study (e.g. Fig. 4). Fig. 4 shows the instantaneous
streamwise velocity as a function of time under the spring tidal
forcing observed during the field study E5. In Fig. 4 the variations in
time scales were related to both the instantaneous local flow
properties and the tidal fluctuations. Many turbulence properties
showed an asymmetrical response to the tidal forcing, especially
under spring tidal conditions. Large turbulent velocity fluctuations
were however observed throughout all investigation periods,
including during the slack tides. Substantial fluctuations in the
normal and tangential Reynolds stresses were observed in the
middle and upper estuarine zones. The turbulent velocity data
showed some non-Gaussian behaviour and the Reynolds stresses
were non-Gaussian throughout all investigation periods.
Two field studies (E5 and E6)were performedmid estuary under
spring and neap tidal conditions. The data showed two distinctly
different turbulence responses for spring and neap tides, with the30 35 40
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Fig. 4. Instantaneous streamwise velocity Vx as function of time for field study E5 (spring tide). Data collected at 25 Hz, 0.1 m above, 10.7 m from left bank, Site 2B, Eprapah Creek.
Insert shows highlighted 200 s sample data collected between t¼ 28.5 and 28.555 h (beginning of flood tide).
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spring tidal conditions (Trevethan et al., 2006, 2008). Trevethan
et al. (2008) showed that turbulence properties were larger during
the flood than the ebb tides with the magnitude of all turbulence
properties being largest at the beginning of the flood tide.
Fig. 5 shows the variation of the time-averaged Reynolds
stresses rvxvy as a proportion of a tidal cycle from the field studies
E5, E6 and E7. In Fig. 5, the variation of a time-averaged parameter
(e.g. rvxvy in Fig. 5) is shown as a proportion of the period between
the first low water (LW1) and the second low water (LW2) of the
individual tidal cycles. On the horizontal axis, 0 represents the start
time of the tidal cycle (LW1) and 1 represents the end of the tidal
cycle (LW2), with the approximate transition between the flood
and ebb tides indicated by a dashed line.
During spring tides, the magnitudes of all turbulence properties
were up to an order of magnitude larger than for neap tides (e.g.
Fig. 5A). Even at slack tides the magnitude of the turbulence
properties under spring tides were larger than the maximum
values observed under neap tidal conditions (Trevethan et al.,
2008). Significantly under both spring and neap tidal conditions the
relative turbulence intensities (e.g. v0x=jVxj, where vx0 is the standard
deviation of streamwise velocity) are larger than those observed in
larger systems (e.g. West and Oduyemi, 1989). This conceivably
indicates increased turbulence activity in small shallow estuaries
such as Eprapah Creek than in larger systems despite smallerA
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The ratio al/hl of the local tidal amplitude (al) and local mean
depth (hl) was introduced in Trevethan (2008) to characterise the
local turbulence properties for a certain tidal range. A critical value
of the ratio al/hl was 0.5, which corresponds to the local tidal range
being equal to the local mean depth. If the tidal range was greater
than the local mean depth (i.e. al/hl> 0.5), a more asymmetrical
tidal response and increased turbulence property magnitudes were
observed (Trevethan, 2008). Trevethan (2008) compared the near
bed turbulence properties in Eprapah Creek and Hamana Lake
(Japan) and found similar tidal patterns in the two distinct estuaries
when al/hl< 0.5.
Two field studies (E6 and E7) were conducted for approximately
50 h under similar neap tidal conditions in the middle and upper
estuarine zones (Trevethan et al., 2007). A comparison of these two
data sets showed that the turbulence properties in the middle and
upper estuaries differed. In the middle estuary the magnitude of
turbulence properties were up to an order of magnitude larger than
those observed in the upper estuary (Fig. 5B). In the upper estuary,
the influence of the tides on the variation of the turbulence prop-
erties was smaller than that mid estuary (Trevethan et al., 2007).
Trevethan (2008) showed that under neap tidal conditions in the
middle and upper estuarine zones the fluctuations and magnitude
of all turbulence properties decreased towards the end of the ebb.5 0.6 0.7 0.8 0.9 1
of tidal cycle LW2
.5 0.6 0.7 0.8 0.9 1
 of tidal cycle
Ebb tide
Ebb tide
LW2
field studies E5, E6 and E7. Note the different vertical scales. Legend: data from
(study E5) and neap (study E6) tidal data collected mid estuary (Site 2B) with 3D–ADV.
7) estuarine zones with 2D–microADV.
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the end of the ebb tide was significant in the upper estuary during
study E7. This phenomenon could conceivably be related to the
increased levels of stratification observed in Eprapah Creek under
neap tidal conditions, however further investigation is required for
clarification.
For all field studies conducted at Eprapah Creek, some long
period oscillations were observed in the water level and velocity
data. About high tide there was strong correlation between the low
frequency oscillations in velocity andwater level (e.g. Fig. 3B and C).
The similar period of the fluctuations in water level and velocity
seemed to indicate that these long period oscillations were the
result of resonance caused by the tidal forcing interacting with the
bathymetry of outer bay system (Moreton Bay, resonance periods
between 2200 and 14,400 s). Smaller oscillation periods between
10 and 2100 s were observed in the velocity data collected from the
middle and upper estuarine zones. These shorter long period
oscillations had periods similar to resonance periods generated by
the interaction of the tidal forcing with the bathymetry within
Eprapah Creek (Chanson, 2003; Trevethan, 2008).
The period and magnitude of these long period fluctuations
differed between spring and neap tidal conditions. Under neap tidal
conditions the predominant long period oscillations observed in
the middle and upper estuary seemed to be generated within
Moreton Bay, with oscillation periods between 3000 and 4000 s
dominating the hydrodynamics (Trevethan, 2008). Alternatively,
under spring tidal conditions the predominant long period oscil-
lations observed mid estuary seemed to be a combination of
internally and externally generated resonance. However the most
significant long period oscillation observed during the study E5 had
a period of approximately 3 h (t¼ 28–36 h, Fig. 3A), which could
possibly be caused by the amplification of a M2 sub-harmonic
constituent (e.g. M8) within Eprapah Creek (Trevethan, 2008). The
long period oscillations observed in Eprapah Creek had a significant
impact on the velocity fluctuations and turbulence properties (Figs.
3 and 5).
These long period oscillations seemed responsible for the
formation of large transverse velocity cells (e.g. reverse cell
secondary currents) in the middle and upper estuarine zones
(Fig. 6). Fig. 6 presents an example of one such transverse velocity
event from the field study E6 by plotting the time-averaged-3
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Fig. 6. Time-averaged transverse velocity Vy at 0.2 and 0.4 m above bed as functions of
time highlighting some transverse velocity events observed during field study E6.
Legend: Vy 0.2 m above bed; Vy 0.4 m above bed.transverse velocities measured at 0.2 and 0.4 m above the bed as
functions of time. Trevethan and Chanson (2007) observed such
a transverse velocity event at the beginning of the flood tide during
the passage of a transient front through the experimental cross-
section of the field study E6. However transverse velocity cells were
observed in the middle and upper estuaries during the flood and
ebb tides especially about low tide, with the largest cells being
observed at the beginning of the flood tide. Fig. 6 shows that such
transverse velocity cells were not uni-directional, because as the
first transverse cell collapses a second cell rapidly forms in the
opposite direction. Trevethan (2008) suggested that these reversals
in transverse velocity cell direction were related to the interaction
of the long period oscillation with the local bathymetry, because
the duration of these events had similar periods to the long period
oscillations.
Such long period oscillations also seemed responsible for
multiple flow reversals of the streamwise velocity collected close to
the bed, especially around high and low water under neap tidal
conditions (e.g. t¼ 16–20 h in Fig. 3C). Here amultiple flow reversal
is defined as a rapid succession of changes in the streamwise
velocity direction. These fluctuations in the streamwise and
transverse velocities were equal to or larger than the tidal varia-
tions under neap tidal conditions, and this had some serious
implications for the residual circulation, longitudinal mixing and
dispersion of substances within the estuary.
5. Turbulent mixing and physio-chemical properties
For all field studies at Eprapah Creek, the flow motion was
characterised by a strong flood tide. In small subtropical estuaries,
the flow properties are dominated by the tides for the majority of
the year because of a lack of natural freshwater inflow. This has
serious implications for the dispersion of introduced substances
within the estuary which need to be incorporated into models of
small subtropical estuaries. Here some of the key observations from
the initial field studies in Eprapah Creek are presented to assist in
improvement of the modelling of small estuarine systems.
Many estuarine models assume that mixing coefficient param-
eters such as eddy viscosity yT and mixing length lm are constant. In
a small subtropical estuary thesemixing parameters varied by up to
three orders of magnitude during the tidal cycle (e.g. Fig. 7). Fig. 7
shows the variation of eddy viscosity yT and dimensionless mixing
length lm/z close to the bed as functions of the time-averaged
streamwise velocity for the field studies E4 and E5. Here the eddy
viscosity and mixing length were approximated by:
yTz

vxvz
vVx=vz

 (1)
lmz
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
vxvz
vVx=vz
2
vuut
 (2)
where z¼ vertical elevation; Vx ¼ time-averaged streamwise
velocity; vx¼ instantaneous fluctuations of streamwise velocity;
and vz¼ instantaneous fluctuations of vertical velocity. If the
sampling volume is close to the bed then it is reasonable to assume
that vVx=vzhVx=z since Vxðz ¼ 0Þ ¼ 0. Mid estuary, both the eddy
viscosity and mixing length varied with the tides, therefore the
assumption that the mixing coefficient parameters are constant
over the tidal cycle in a small estuary is simply untrue.
In the upper estuarine zone, vertical stratification of all physio-
chemistry properties was observed especially under neap tidal
conditions (e.g. Fig. 8B). Fig. 8A and B present the conductivity
vertical profiles for the field studies E5 (spring tide) and E7 (neap
tide) respectively. The vertical profiles for these were collected on
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Fig. 7. Momentum exchange coefficient yT and dimensionless mixing length lm/z as functions of time-averaged streamwise velocity (positive downstream). Data collected by
3D-ADV (10 MHz) located 0.05 m (study E4) and 0.1 m (study E5) above bed, 10.7 m from left bank at Site 2B Eprapah Creek for field studies E4 and E5. Values calculated over 5000
data points every 10 s along entire length of data sets. Legend: [ ] data from study E4; [ ] data from study E5.
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by EPA(QLD). For the spring tidal conditions, the vertical profiles of
conductivity showed the estuary to be well-mixed throughout
most of the estuarine zone, with some slight stratification in the
upper estuary (Fig. 8A). However, under the neap tidal conditions of
the field study E7, the level of stratification seemed to increase from
well-mixed near the mouth, to slightly stratified mid estuary
through to substantially stratified in the upper estuary (Fig. 8B).
One possible cause of this stratification was the freshwater
discharge from the sewage treatment plant since no natural
freshwater inflow was observed for the studies E5 and E7 (Table 1).
The sewage treatment plant is located 2.4 km from the mouth of
Eprapah Creek (Fig. 1) and has an average daily discharge of
approximately 0.07 m3/s. These field results showed that the
assumption of well-mixed physio-chemistry properties was not
valid for the upper estuarine zone in a small subtropical estuary and
should only be used with extreme caution in the lower and middle
estuaries.
After a detailed calibration (Chanson et al., 2006, 2008) sus-
pended sediment concentration (SSC) values were calculated using
the instantaneous backscatter intensity data from the 2D-micro-
ADV (16 MHz). The suspended sediment concentration data were
used as a proxy to investigate the mixing and dispersion of some
scalar properties. Fig. 9 shows the variation of the integral time
scales of streamwise velocity TEx and SSC TEssc (defined in Trevethan
et al., 2007) over the tidal cycle recorded mid estuary under neap
tidal conditions. For the data collected in a small subtropical
estuary the integral time scales of the velocity and suspendedFig. 8. Vertical profiles of conductivity measured along Eprapah Creek. Profiles collected at 0
and 2.4 & 3.1 km from mouth as part of field studies.sediment concentration were different in the same sampling
volume. This seemed to imply that the mixing coefficients of
velocity and suspended sediment concentration could not be
approximated by the same momentum exchange coefficient.
Field data collected in this investigation seemed to validate the
assumptions that the solute and particulate water quality proper-
ties vary with the conductivity and suspended sediment concen-
tration respectively. Fig. 10 shows the physio-chemistry properties
measured by a YSI6600 probe during the field study E6 as functions
of time. In all field studies at Eprapah Creek the values of dissolved
oxygen, pH and conductivity (solute properties) were largest about
high tide and smallest about low tides (e.g. Fig. 10A). This suggested
that these solutewater quality properties varied in a similar fashion
over the tidal cycle. The measured particulate properties such as
suspended sediment concentration, turbidity and chlorophyll
a levels were all largest about the low tides and smallest about the
high tides (e.g. Fig. 10B). This indicated that these particulate water
quality properties showed similar tidal trends.
6. Discussion
The vast majority of estuaries in Australia are of the coastal plain
type, this being especially true in the tropical and subtropical
regions (Digby et al., 1999). The following topographical charac-
teristics are attributed to a coastal plain estuary (Dyer, 1973): (a)
shallow, with large width to depth ratio; (b) cross-sections that
deepen and widen towards the mouth; (c) ratio of freshwater
inflow to tidal prism volume is small; (d) large variation of.0, 1.0, 2.0 & 2.7 km from mouth by EPA (QLD) as part of monthly monitoring program,
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extensive mud flats; and (f) sinuous central channel. In subtropical
regions the estuarine hydrodynamics are dominated by the tides,
because of short-lived but intense episodic freshwater inflows
during the wet season and very little or no inflow during the dry
season.
One of the most important findings of this study is that the
response of the turbulence andmixing properties in small and large
estuarine systems differ substantially. Therefore this section
compares the responses of small and large estuaries to similar tidal
forcing. One example of a large estuary located in Southeast
Queensland near Eprapah Creek is the Brisbane River (Table 2).
Table 2 shows that the dimensions and flow properties (e.g. Rey-
nolds number) of large estuaries such as the Brisbane River are
several orders of magnitude larger than those of Eprapah Creek.
The Brisbane River is located within 25 km of Eprapah Creek and
therefore well suited for this comparison because of the tidal
forcing (1> tidal range> 2.5 m) and weather conditions are almost
identical.43
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Fig. 10. Physio-chemistry data as functions of time since midnight on 16/05/05. Data collec
study E6 (16–18/05/05).The Brisbane River has similar dimensions as other large estu-
arine systems studied in Europe and Asia (e.g. Conway River
(Shiono and West, 1987) and Ohta River (Kawanisi and Yokosi,
1994). Anwar (1983) found that the velocity, turbulence andmixing
responses of the Brisbane River were similar to that of the Great
Ouse River, which was the focus of several estuarine turbulence
investigations (e.g. West and Shiono, 1985). Despite larger
streamwise velocities (Vx up to 2 m/s) and Reynolds numbers (Table
2) in these large estuarine systems the relative turbulence levels
(e.g. v0x=jVxj and jvxvzj=Vx2) observed seem considerably smaller
than those observed in smaller systems (Vx < 0.4 m/s). Previous
turbulence studies in large estuarine systems have shown sample
values of v0x=jVxj< 0.15 and jvxvzj=Vx2 < 0.004, while mid estuary at
Eprapah Creek even the median values of v0x=jVxj and jvxvzj=Vx2
collected over the investigation periods of field studies E5 (25 h,
spring tides) and E6 (48 h, neap tides) were larger. The median
investigation values were v0x=jVxj ¼ 0.21 and jvxvzj=Vx2 ¼ 0.004
under neap tidal forcing and v0x=jVxj ¼ 0.42 and jvxvzj=Vx2 ¼ 0.014
under spring tidal forcing at Eprapah Creek. This indicates that in41 46 51 56 61
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ted with a YSI6600 probe located 0.4 m above bed at Site 2B, Eprapah Creek for field
Table 2
Comparison of key dimensions and characteristics of a large and small subtropical
estuary located in Southeast Queensland, Australia.
System Eprapah Creek Brisbane River
Length (km) 12.6 344
Catchment area (km2) 39 13,600
Estuary length (km) 3.8 85
Estuary width (m) 10–40 100–600
Estuary depth (m) 1–2 12–20
Reynolds number (Re ¼ VxRH=v) 104–106 105–107
al/hl
Neap tide of 1.4 m 0.44 0.05
Spring tide of 2.5 m 0.78 0.08
Note: For Reynolds number Vx is streamwise velocity; RH is hydraulic radius
(cross-section area/wetted perimeter); and n is kinetic viscosity.
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tidal forcing are of similar magnitude to the maximum relative
turbulence levels in large estuaries. Further under spring tidal
conditions in Eprapah Creek the relative turbulence intensities are
approximately three times larger than those for large systems
observed in previous studies.
So why are the relative turbulence levels greater in small estu-
aries than those in large estuaries despite significantly smaller
velocities and flow Reynolds numbers (Table 2). The most probable
cause is the large and rapid changes in bed composition and
bathymetry over small distances within small estuaries. Such large
and rapid variations in bed composition and bathymetry would
lead to increased bottom roughness and friction, which in turn
could drastically alter the properties of the local boundary layer,
especially in shallow water depths. Conversely field observations
have indicated that such large and rapid changes in bed composi-
tion and bathymetry are not as common in large estuarine systems,
possibly because of the larger hydrodynamic properties (e.g.
volumetric flow rate).
Trevethan (2008) put forward the ratio of the local tidal
amplitude to the local mean depth al/hl as one way of determining
the influence of friction on the local turbulence response in
different sized estuaries. The ratio al/hl is possibly an indicator of
the impact of the local tidal range on the local boundary layer
caused by the variation in water depth over the tidal cycle. For
example a typical spring tidal range of 2.4 m would cause the
water depth mid estuary in Eprapah Creek to vary between 0.5
and 3 m (a factor six change in water depth over the tidal cycle).
Since the local bottom roughness is an important factor in
determining the local turbulent boundary layer height above the
bed, a factor six change in water depth would significantly change
the relative height of the turbulent boundary layer within the
water column. Conversely the same tidal range mid estuary in the
Brisbane River would cause the water depth to change between
14.5 and 17 m which would cause very little change to the
boundary layer properties. Table 2 presents the typical neap and
spring tidal values of al/hl observed in the estuarine zones of the
Brisbane River and Eprapah Creek. In Table 2 the values of al/hl
observed in large estuaries (e.g. Brisbane River) are substantially
smaller than those observed in small estuaries (e.g. Eprapah
Creek) under the same tidal conditions. This would seem to
indicate that the increased size of the local tidal amplitude rela-
tive to the local mean depth (al/hl) in combination with increased
bottom roughness are primarily responsible for the larger relative
turbulence levels observed in small estuaries (e.g. Eprapah Creek)
than those observed in large estuarine systems.
7. Conclusion
Tidal trends observed in some turbulence properties close to
bed were similar to those observed in previous turbulence studiesin estuaries and those at Hamana Lake (a large restricted entrance
type estuary in Japan). It is believed that the turbulence properties
at Eprapah Creek would be representative of those found in other
small coastal plain estuaries. The most important observations of
the turbulence properties in a small coastal plain estuary were:
(1) Distinctly different turbulence responses to spring and neap
tides were observed, with the spring tidal response being
larger and seemingly unique to small estuaries. These differ-
ences in the tidal response have serious implications to
modelling of small estuaries.
(2) Different turbulence properties in middle and upper estuary
were observed, implying reduced mixing and increased strat-
ification in the upper estuary. Such differences between the
mixing properties in the middle and upper estuarine zone have
some implications in terms of the modelling of small estuaries.
(3) All physio-chemistry properties showed tidal trends, with the
fluctuations in physio-chemistry being correlated with
the velocity fluctuations. This would seem to indicate that the
variation of estuarine physio-chemistry within a small estuary
could also change substantially depending on the tidal forcing
and location within the estuary.
(4) Key mixing assumptions used in estuarine models of large
estuaries were found to be simply untrue in small estuarine
systems. This highlights the need for a thorough investigation
of the turbulence and mixing properties in small estuaries, so
that modelling assumptions appropriate for small estuarine
systems can be derived.
(5) This investigation has highlighted that fundamental differ-
ences in the hydrodynamic, turbulence and mixing properties
exist between small and larger estuarine systems. The majority
of estuaries around the world are small estuaries (e.g. Digby
et al. (1999) found that approximately 60% of all estuaries in
Australia are small coastal plain estuaries), yet to date virtually
no studies have been conducted on the physical properties in
small estuaries anywhere in the world. Therefore further
research of small estuarine systems in all climatic zones around
the world is required to properly understand the hydrody-
namic and mixing properties of these small systems.
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